Biallelic loss-of-function (LOF) mutations of the NCF4 gene, encoding the p40 phox subunit of the phagocyte NADPH oxidase, have been described in only 1 patient. We report on 24 p40 phox -deficient patients from 12 additional families in 8 countries. These patients display 8 different in-frame or out-of-frame mutations of NCF4 that are homozygous in 11 of the families and compound heterozygous in another. When overexpressed in NB4 neutrophil-like cells and EBV-transformed B cells in vitro, the mutant alleles were found to be LOF, with the exception of the p.R58C and c.120_134del alleles, which were hypomorphic. Particle-induced NADPH oxidase activity was severely impaired in the patients' neutrophils, whereas PMAinduced dihydrorhodamine-1,2,3 (DHR) oxidation, which is widely used as a diagnostic test for chronic granulomatous disease (CGD), was normal or mildly impaired in the patients. Moreover, the NADPH oxidase activity of EBV-transformed B cells was also severely impaired, whereas that of mononuclear phagocytes was normal. Finally, the killing of Candida albicans and Aspergillus fumigatus hyphae by neutrophils was conserved in these patients, unlike in patients with CGD. The patients suffer from hyperinflammation and peripheral infections, but they do not have any of the invasive bacterial or fungal infections seen in CGD. Inherited p40 phox deficiency underlies a distinctive condition, resembling a mild, atypical form of CGD. phox -deficient patient is compound heterozygous for a premature stop codon and a missense mutation in the PX domain that compromises binding to PI(3)P, which results in the impairment of neutrophil phagocytosis-induced oxidase activity (26). As in classic CGD neutrophils, intracellular oxidant production after stimulation with serum-opsonized zymosan (SOZ), IgG beads, or serumopsonized Staphylococcus aureus is impaired in the patient's neutrophils, and S. aureus killing is also defective (20, 26, 30) . However, in this patient, unlike in classic CGD patients, the production of O 2 -by neutrophils in response to stimulation with PMA or formyl-methionyl-leucyl-phenylalanine (fMLF) is normal (26). The killing of S. aureus by neutrophils is also impaired in p40 phox deficiency and classic CGD are largely unknown. Here, we describe the characteristics of 24 patients from 12 families in 8 countries with biallelic mutations of NCF4.
, as biallelic mutations of NCF4 have only been described once before in a young boy with severe colitis (26) . p40 phox has 3 domains: PX, PB1, and SH3 (27, 28) . During phagocytosis, upregulation of the membrane phospholipid phosphatidylinositol 3-phosphate [PI(3) P] and subsequent high-affinity binding of the p40
phox PX domain enhance NADPH oxidase activity (21, 29) . The p40 phox -deficient patient is compound heterozygous for a premature stop codon and a missense mutation in the PX domain that compromises binding to PI(3)P, which results in the impairment of neutrophil phagocytosis-induced oxidase activity (26) . As in classic CGD neutrophils, intracellular oxidant production after stimulation with serum-opsonized zymosan (SOZ), IgG beads, or serumopsonized Staphylococcus aureus is impaired in the patient's neutrophils, and S. aureus killing is also defective (20, 26, 30) . However, in this patient, unlike in classic CGD patients, the production of O 2 -by neutrophils in response to stimulation with PMA or formyl-methionyl-leucyl-phenylalanine (fMLF) is normal (26) . The killing of S. aureus by neutrophils is also impaired in p40 phox -deficient and CGD mice (31) . However, p40 phox -deficient murine neutrophils display highly impaired ROS production upon stimulation with PMA or heat-killed S. aureus, but not SOZ (32) . Moreover, gp91 phox -and p47 phox -KO mice (33) (34) (35) seem to have a less severe form of inflammatory colitis than do p40 phox -KO mice (36, 37) . The cellular and clinical overlap and differences between human p40 phox deficiency and classic CGD are largely unknown. Here, we describe the characteristics of 24 patients from 12 families in 8 countries with biallelic mutations of NCF4.
Results

Biallelic NCF4 mutations in 24 individuals from 12 families in 8 countries.
We studied 20 patients from 12 families with clinical features suggestive of CGD (kindreds A-L) ( Tables 1 and 2 and Figure 1A ). The families originated from Pakistan (kindreds A, B, E, and F), Portugal (kindreds C and J), Australia (kindred D), Colombia (kindred G), Argentina (kindred H), Kuwait (kindred I), Russia (kindred K), and Chile (kindred L). Whole-exome sequencing (WES) or targeted next-generation sequencing (NGS) with a panel of PID genes identified homozygous variants of the NCF4 gene in patients from 11 families: 2 variants affecting essential splice sites (c.118-1G>A in kindreds A, E, and K and c.32+2T>G in kindred F); 3 missense variants (c.314G>A in kindred B, resulting in p.R105Q; c.172C>T in kindreds G and L, resulting in p.R58C; and c.430C>A in kindred H, resulting in p.P144T); 1 nonsense variant (c.716G>A in kindred I, resulting in p.W239X); and 1 in-frame deletion (c.120_134del in kindreds C and J). Finally, we detected compound heterozygous splice-site variants in 1 family (c.118
Introduction
Chronic granulomatous disease (CGD) is a recessive primary immunodeficiency (PID) caused by loss-of-function (LOF) mutations of autosomal or X-linked genes encoding 5 components of the phagocyte-reduced NADPH oxidase complex (1) . This enzyme catalyzes the production of ROS in phagocytes. CGD was first described in 1954 (2) , the first functional disorder of phagocytes was identified in 1966 (3) , and the first genetic etiology of CGD, which is X-linked recessive (XR), was discovered in 1986 in the first positional identification of a PID gene (4, 5) . The other genetic etiologies proved to be autosomal recessive (AR) (6) . Patients with CGD suffer from recurrent, life-threatening, invasive infections with specific bacteria and fungi (7) (8) (9) (10) . Severe parasitic infections have rarely been reported in CGD patients, who also seem to have no particular predisposition to severe viral illnesses (11) . Systemic hyperinflammation, including granulomatous lesions of the respiratory and gastrointestinal (GI) tracts in particular, is also common (12) (13) (14) . Patients with CGD may initially present with unexplained granulomatosis, which is associated with a poor prognosis, (13, 15) . Autoimmune conditions, such as systemic lupus erythematosus, are rare in patients with CGD (16) . The XR (gp91 phox [phagocyte oxidase]) form of CGD is clinically more severe than the AR p47 phox -deficient form (7, 9, 17) . AR p22 phox and p67 phox deficiencies appear to be as severe as XR CGD (18, 19) . Patients are routinely placed on prophylactic antimicrobial therapy, and the only curative treatment widely available is allogeneic hematopoietic stem cell transplantation (HSCT) (20) .
The NADPH oxidase in human phagocytes is a complex of at least 5 subunits. The membrane-bound component is a heterodimer consisting of gp91 phox and p22 phox , encoded by the X-linked CYBB gene and the autosomal CYBA gene, respectively. This heterodimer is known as flavocytochrome b 558 and is the catalytic core of the NADPH oxidase complex (21) . The second component is a cytosolic heterotrimer composed of p40 phox , p47 phox , and p67 phox , which form the regulatory part of the NADPH oxidase and are encoded by NCF4, NCF1, and NCF2, respectively (22) . The membrane-bound and cytosolic components do not interact in steady-state conditions. Upon phagocyte activation, after the phagocytosis of a bacterium or fungus, for example, the 2 components and a small GTPase (Rac1 and/or Rac2) are activated and assemble on the phagosomal membrane to produce superoxide (O 2 -) in the phagosome (23 Figure 1A ; supplemental material available online with this article; https:// doi.org/10.1172/JCI97116DS1). The 3 missense mutations affect residues located in the PX domain of the p40 phox protein ( Figure  1B ). These residues are highly conserved in other species, suggesting that they have an important function in the p40 phox protein (Supplemental Figure 1B) . We searched for a founder effect accounting for the presence of the c.120_134del, c.118-1G>A, and p.R58C mutations in different families. The patients homozygous for these mutations were genotyped with the genome-wide array 6.0. The c.120_134del mutation in 2 Portuguese families (kindreds C and J) is within a common haplotype of 884 kb and 1,926 SNPs, demonstrating a founder effect. We dated the most recent common ancestor (MRCA) to 175 years ago (CI: 50-650 years). The c.118-1G>A variant in patients from Pakistan (kindreds A and E) is within a common haplotype of 337 kb and 136 SNPs. The MRCA of these kindreds was dated to 1,950 years ago (CI: 625-8,075 years). The patient from Russia (kindred K) also shared a common haplotype of 152 kb and 41 SNPs in common with the 2 Pakistani patients, suggesting a common ancestor for these 3 patients, and the MRCA was estimated to have lived 6,275 years ago (CI: 2,475-19,000 years) (39) . Finally, the c.172C>T (p.R58C) mutation, present in 2 Latin American kindreds, was within a common haplotype of 122 kb and 47 SNPs. The MRCA of these kindreds was dated to 4,425 years ago (CI: 1,375-16,025 years). Collectively, these data suggest that 24 individuals from 12 kindreds in 8 countries suffer from inherited p40 phox deficiency, including 20 symptomatic and 4 asymptomatic individuals ( Figure 1A) . Impaired NCF4 mRNA expression in the patients' cells. We measured NCF4 transcript levels in cells from the patients and healthy controls by quantitative real-time RT-PCR (qPCR). EBVtransformed B cell lines (EBV-B cells) and neutrophils homozygous for c.32+2T>G (patient 14 [P14]) produced no NCF4 transcripts detectable by qPCR (Supplemental Figure 2A ) or cDNA PCR (data not shown). These findings suggest that transcripts carrying this mutation are subjected to nonsense-mediated mRNA decay. For P12 (c.118-1G>A), P15 (p.R58C), P20 (p.W239X), and P22 (c.120_134del), we found that NCF4 transcript levels in EBV-B cells and neutrophils were lower than those in 10 unrelated controls (Supplemental Figure 2A) . Cells homozygous for c.118-1G>A or c.120_134del produced transcripts of lower molecular weight (MW), suggesting the occurrence of alternative splicing. Using TOPO-TA cloning, we detected 3 aberrantly spliced variants for c.118-1G>A, all of which were predicted to encode truncated proteins, and we identified a fourth minor transcript (6%) with a large in-frame deletion, c.118_198del (Supplemental Figure 2B ). For c.120_134del, most of the transcripts carried a 5-codon deletion (p.F41_V45del) at the beginning of exon 3, and another 3 aberrantly spliced variants were predicted to encode truncated proteins (Supplemental Figure 2B) . Finally, for the c.759-1G>C allele, we performed exon trapping. We obtained 3 spliced variants: 1 with the retention of 37 bp of intron 8a (63%), 1 in which all of intron 8a was retained (26%), and 1 with the retention of 16 bp of intron 8a (11%) (Supplemental Figure 2C) .
The mutant NCF4 alleles are deleterious in EBV-B cells. We assessed the potential impact of all individual NCF4 alleles. We used HEK293T cells for analyses of p40 phox protein expression, whereas, for analyses of p40 phox function, we used EBV-B cells from P14 (homozygous for c.32+2T>G), designated NCF4 -/-, as they produced no detectable NCF4 mRNA. We first evaluated protein expression by transfecting HEK293T cells with expression vectors carrying C terminally Flag-tagged WT or mutant NCF4 cDNAs (R58C, R105Q, P144T, W239X, c.118_198del, and c.120_134del). Immunoblot analyses revealed that the WT, R58C, R105Q, and P144T cDNAs encoded a single, full-length 40-kDa protein that was produced in large amounts. By contrast, cells transfected with the in-frame deletions c.118_198del and c.120_134del produced proteins with a lower MW, at much lower abundance. Finally, the protein encoded by W239X cDNA was not detected with an antiFlag Ab, whereas a truncated protein of approximately 25 kDa gave a low-intensity signal with an anti-p40
phox Ab ( Figure 2A ). We investigated the mode of functioning of the mutant alleles (LOF or hypomorphic) in EBV-B cells, which express all components of the NADPH oxidase complex and produce ROS (25, 26, 40) . We transduced NCF4
-/-EBV-B cells from P14 with retroviruses for the overexpression of missense (R58C, R105Q, and P144T), in-frame deletion (c.120_134del), and nonsense (W239X) cDNAs. Western blotting confirmed that the missense proteins were expressed normally, whereas c.120_134del was produced in small amounts, and the W239X protein was undetectable ( Figure 2B ). We then evaluated ROS production in NCF4 -/-EBV-B cells by measuring O 2 -levels after PMA stimulation. EBV-B cells transduced with the R58C, R105Q, P144T, c.118_198del, p.Asp254Serfs96*, and W239X alleles produced no detectable O 2 -. By contrast, retrotransduction with the c.120_134del variant led to a small, reproducible increase in O 2 -production ( Figure 2C ). No H 2 O 2 was generated following the retrovirus-mediated transduction of NCF4 -/-EBV-B cells with any of the mutant alleles in these conditions (Supplemental Figure 3A ). These data suggest that 6 of the 7 alleles tested were LOF, with the remaining allele (c.120_134del) being severely hypomorphic, at least under these experimental conditions.
The mutant NCF4 alleles are deleterious in NB4 cells. We then generated CRISPR-Cas9-KO p40 phox NB4 cells, which we allowed to differentiate into neutrophil-like cells. NADPH oxidase activity and S. aureus killing capacity were assessed in p40 phox WT cells, NB4-p40 phox-/-indicates a patient reported in a previous study (26) . jci.org Volume 128 Number 9 September 2018 oxidase activity to residual levels of activity, but always markedly higher than those in classic CGD cells ( Figure 4A ). We observed a similar pattern at several time points (Supplemental Figure 5A) . The release of H 2 O 2 and production of O 2 -were evaluated after stimulation with PMA, platelet-activating factor (PAF) plus fMLF, or SOZ. We found that H 2 O 2 generation by the patients' neutrophils was normal or subnormal, whereas neutrophils from patients with classic CGD produced no H 2 O 2 or O 2 -(Supplemental Figure  4C) . Thus, neutrophils from p40 phox -deficient patients had normal or impaired, but not abolished, ROS production as shown by extracellular detection tests, contrasting sharply with the results for neutrophils from patients with classic CGD.
Impaired NADPH oxidase activity in p40 phox -deficient neutrophils exposed to particulate inducers. As previously reported in p40 phox -KO mice, ROS production in neutrophils in response to particulate stimuli depends on the recruitment of p40 phox protein to the endosomes (31). We therefore evaluated intracellular and extracellular ROS production by the patients' neutrophils following stimulation with serum-opsonized S. aureus, E. coli, A. fumigatus hyphae, or C. albicans. Particle-induced intracellular DHR oxidation after neutrophil stimulation with S. aureus or E. coli was severely impaired in all patients tested, as in neutrophils from patients with classic CGD ( Figure 4B ). By contrast, DHR oxidation in neutrophils stimulated with unopsonized or serum-opsonized C. albicans conidia was only partially impaired in the p40 phox -deficient patients, whereas a more pronounced defect was observed in the neutrophils from patients with classic CGD (Figure 4C) . Moreover, extracellular H 2 O 2 release by the neutrophils of p40 phox -deficient patients in response to S. aureus, E. coli, or A. fumigatus was only partially impaired (Supplemental Figure  5D ). Finally, oxygen consumption was slightly impaired in the cells of all p40 phox -deficient patients tested after stimulation with either soluble (PMA) or particulate (E. coli, SOZ) stimuli (Supplemental Figure 5E ). We found that neutrophils lacking gp91 phox had no activity at all. Heterozygous carriers of p40 phox deficiency displayed no defects of ROS production (data not shown). These findings confirm that p40 phox plays an essential role in the NADPH oxidase activity of neutrophils upon stimulation with bacteria and, to a lesser extent, fungi, suggesting the translocation of at p40 phox to assist in activation of the NADPH oxidase complex in response to these microorganisms.
Normal NADPH oxidase activity in other myeloid cells from the patients. We demonstrated that p40 phox expression in some patients was equally impaired in different types of phagocytes ( Figure 3) . We analyzed the effects on NADPH oxidase activity in these cells by evaluating ROS production in monocytes triggered by PMAinduced DHR oxidation. Monocytes from 6 patients (P12, P15, P16, P19, P20, and P22) responded similarly to cells from healthy controls (Supplemental Figure 5B) . We further investigated the NADPH oxidase activity of MDMs, as previously described (25, 41) . MDMs from healthy controls, P12, P20, and P22 had normal or low levels of H 2 O 2 after stimulation, depending on the stimulus, whereas MDMs from a patient with classic CGD released no H 2 O 2 ( Figure 5A ). Finally, we assessed NADPH oxidase activity in MDDCs, again evaluating H 2 O 2 release. We found that MDDCs from the 3 patients tested (P12, P20, and P22) released normal amounts of H 2 O 2 , as shown by comparison with MDDCs from impaired in NB4-p40 phox -KO cells (Supplemental Figure 3B) . This defect was restored by reconstitution with WT p40 phox or the R58C allele, but not with the other 3 mutant alleles (Supplemental Figure  3B) . Nevertheless, for E. coli-induced intracellular DHR oxidation, only WT p40 phox restored the NADPH oxidase activity ( Figure 2E ). Moreover, S. aureus killing was impaired in NB4-p40 phox -KO cells as well as in cells reconstituted with the mutant alleles, except for the R58C allele ( Figure 2F ). These experiments suggest that the R105Q, c.120_134del, and c.118_198del alleles are LOF in terms of ROS production and S. aureus killing in NB4 cells. In contrast, the R58C allele is hypomorphic in the same experimental conditions. Collectively, these data indicate that all the NCF4 alleles tested are LOF, with the exception of c.120_134del in EBV-B cells and R58C in NB4 cells, at least upon overexpression.
Impaired p40 phox expression in the patients' phagocytes. We studied the expression of endogenous p40
phox by Western blotting in neutrophils, monocytes, MDMs, and monocyte-derived dendritic cells (MDDCs). We detected no p40 phox protein in neutrophils from P1 (c.118-1G>A), P9 or P10 (c.120_134del), P11 (c.118-1G>A/c.759-1G>C), P12 (c.118-1G>A), P14 (c.32+2T>G), P22 (c.120_134del), or P23 (c.118-1G>A). By contrast, neutrophils from P6 and P8 (R105Q) and from P15 and P16 (R58C) had normal levels of p40 phox protein. Neutrophils from P20 (W239X) contained a lower-MW protein present at low abundance ( Figure  3A) , which was consistent with the truncated protein observed upon W239X overexpression in HEK293T cells (Figure 2A ). Western blotting also revealed that the levels of the other components of the NADPH oxidase complex in the patients' neutrophils were normal (Supplemental Figure 4) . Finally, we detected no p40 phox protein in MDMs or MDDCs from P12, P20, or P22, ( Figure 3B ). Thus, these mutations result in a loss of p40 phox expression in various types of myeloid cells. Collectively, these data are consistent with those obtained for the overexpression of mutant cDNAs in recipient cells.
Impaired p40 phox expression in the patients' EBV-B cells. We performed Western blotting to study the expression of the NADPH oxidase subunits in EBV-B cells (26) . We observed a complete loss of expression of the p40 phox protein in EBV-B cells from P12, P14, P20, and P22. By contrast, p40 phox was detected, but at low abundance, in cells from P15 ( Figure 3C ). The other subunits of the NADPH oxidase complex, gp91 Figure 3D ), but not the neutrophils (Supplemental Figure  4) . These findings indicate that p40 phox is involved in stabilizing p67
phox levels in EBV-B cells, but not in neutrophils.
Residual to normal levels of NADPH oxidase activity in p40
phox -deficient neutrophils exposed to soluble inducers. We studied the impact of NCF4 mutations on NAPDH oxidase activity by evaluating ROS production in patients' cells. The PMAinduced DHR test, which measures intracellular H 2 O 2 generation, is widely used on neutrophils for the diagnosis of classic CGD (1) . This test showed a wide range of intracellular ROS production activity in p40 phox -deficient neutrophils, from completely normal
jci.org Volume 128 Number 9 September 2018 phox -deficient patients (n = 12 and n = 14), and CGD patients (n = 3 and n = 6) upon stimulation with S. aureus (left) or E. coli (right). (C) DHR oxidation in neutrophils from healthy controls (n = 14 and n = 6), p40
phox -deficient patients (n = 6 and n = 5), and CGD patients (n = 4 and n = 3) upon addition of C. albicans, with (left) or without (right) opsonization. PMNs, polymorphonuclear neutrophils. Data represent the mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, by 2-tailed Mann-Whitney U test. jci.org Volume 128
Number 9 September 2018 the patients and neutrophils from healthy controls (Supplemental Figure 7) . Finally, we evaluated the formation of neutrophil extracellular traps (NETs), a process for which ROS have been shown to be essential (46) . We assessed NET formation in response to PMA in 3 patients from kindreds A, B, and C. Only neutrophils from kindred B (expressing p40 phox protein) produced NETs. We detected no NET production in the other p40 phox -deficient families tested (without p40 phox protein expression) or for gp91 phox -deficient CGD neutrophils (Supplemental Figure 8) . These findings suggest that NET formation is dependent on p40 phox expression. Collectively, these data indicate that p40 phox -deficient neutrophils have normal fungus-killing capacities, unlike classic CGD neutrophils.
Inflammatory lesions in patients with p40 phox deficiency. Deficiency of p40 phox is not characterized by the invasive bacterial and fungal infections seen in patients with classic CGD, but mostly by inflammatory manifestations as well as autoimmunity and peripheral infections (Tables 1 and 2 and Figure 7A ). We identified 20 symptomatic patients, of whom 10 (50%) presented with skin inflammation (P1, P2, P3, P5, P6, P7, P8, P11, P19, and P24), with lupus-like cutaneous lesions (P1, P6, and P8) or discoid lupus (P3, P7, and P11). We found inflammatory, granulomatous GI manifestations in 10 patients (50%), and these included oral ulcers (P1 and P10), abscesses/granulomas (P1, P2, P3, P4, P5, P6, P7, P8, P9, P10, P11, P23, and P24), periodontitis (P9 and P21), gingivitis or gum inflammation (P9, P10, P20, P21), esophagitis (P21 and P23), gastritis (P20), Crohn-like inflammatory bowel disease (IBD) (P1, P11, P21, P22, P23, and P24), and perianal abscesses/fistula (P11, P20, P21, and P24). P24 suffered from chronic and severe IBD requiring immunosuppressive treatment and a total colectomy. Some lesions were probably both infectious and inflammatory, as is often seen in CGD. Three patients (15.7%) (P12, P14, and P19) reportedly suffered from pulmonary infections, including P12, who was later diagnosed with interstitial lung disease that responded well to systemic steroids rather than antibiotics, suggesting an autoinflammatory component. Ab evaluations were performed in some patients (n = 7) suffering from exacerbated inflammation. P1, P4, P5, P7, P8, and P12 were negative for antinuclear Abs (ANAs). By contrast, P14 was positive for ANAs and antineutrophil cytoplasmic Abs (ANCAs), suggesting autoimmune activity in this patient.
Peripheral but not invasive infections in patients with p40
phox deficiency. We investigated the possible infectious causes of pulmonary manifestations in the cohort. No pathogen was identified in P19. Cutaneous infections were reported in 8 patients (42%) (P1, P4, P6, P7, P9, P11, P21, and P23), 3 of whom had at least 1 proven episode of S. aureus infection (P1, P11, and P23). One patient (P15) had two episodes of disseminated histoplasmosis, which was successfully treated with antifungal drugs and steroids. Ten patients from six different families were vaccinated against tuberculosis with live bacillus Calmette-Guérin (BCG) ( Tables 1 and 2 ). No adverse effects were reported in 9 patients, whereas P19 developed local lymphadenitis (BCG-itis). This same patient subsequently suffered from meningitis caused by Mycobacterium avium. Interestingly, this patient was also heterozygous for a dominant-negative LOF mutation of STAT1, which is responsible for MSMD (47) . Four asymptomatic children, aged 1, 3, 8, and 10 years at diagnosis of p40 phox deficiency, were healthy controls, and unlike MDDCs from classic CGD patients ( Figure 5B ). Overall, these data suggest that p40 phox is redundant in monocytes, MDMs, and MDDCs in terms of the NAPDH oxidase activity triggered by PMA. Further experiments assessing particleinduced ROS production by monocytes, MDMs, and MDDCs are required to determine the extent of this redundancy.
Impaired NADPH oxidase activity in EBV-B cells from patients. We tested EBV-B cells from the p40 phox -deficient patients studied here, patients with classic CGD, and the first reported patient with p40 phox deficiency (42) . In luminol bioluminescence assays, EBV-B cells from P12, P14, P15, and P20 displayed severely impaired NADPH oxidase activity ( Figure 5C ). By contrast, EBV-B cells from P22 (with c.120_134del) displayed residual luminescence, consistent with the results obtained following the retrovirusmediated transduction of NCF4 -/-EBV-B cells with the c.120_134del allele ( Figure 2C ). This allele is, therefore, also constitutively hypomorphic. We then evaluated the release of H 2 O 2 in EBV-B cells from P12, P14, and P20. H 2 O 2 detection was completely negative, as in cells from classic CGD patients. By contrast, EBV-B cells from P22 and P15 displayed a residual release of H 2 O 2 ( Figure 5C ). Finally, EBV-B cells from P12, P14, P15, and P20 were transduced with a p40 phox WT cDNA. The rescue of p40 phox protein expression was confirmed by immunoblotting before functional assays (Supplemental Figure 6A) . Production of O 2 -in response to PMA stimulation was restored in the transduced EBV-B cells (Supplemental Figure 6B) . These experiments with EBV-B cells demonstrate that p40 phox is not redundant for NADPH oxidase complex activity in these cells. They also confirm that 1 of the 8 NCF4 alleles is severely hypomorphic.
Impaired killing of Staphylococcus, but not of fungi, by the patients' cells. We then assessed the ability of the patients' neutrophils to kill various microorganisms that commonly cause disease in patients with classic CGD. We found that the phagocytosis of serum-opsonized E. coli, S. aureus, C. albicans, and SOZ by the patients' neutrophils was similar to that by neutrophils from healthy controls and patients with classic CGD (data not shown). Nonoxidative phagocyte killing involves the release of the proteolytic content of granules into the phagosome or at the neutrophil plasma membrane. In the p40 phox -deficient neutrophils tested, protease release from the azurophilic granules (elastase, cathepsin G) in the dye-quenched-BSA (DQ-BSA) assay did not differ from that of neutrophils from healthy controls (data not shown) or patients with classic CGD (43) . We therefore analyzed the phagocyte-mediated killing of different species of bacteria and fungi. The killing of S. aureus by the patients' neutrophils was markedly impaired for all the patients tested, similar to that observed for the classic CGD neutrophils ( Figure 6A and ref. 44 ). E. coli killing was unaffected in the patients' neutrophils, as in those from patients with classic CGD (Figure 6B and ref. 45) . By contrast, the killing of A. fumigatus was normal or subnormal, whereas neutrophils from patients with classic CGD were completely incapable of killing these hyphae ( Figure 6C ). C. albicans killing by the patients' neutrophils was similar to that by the neutrophils of healthy control cells when C. albicans was opsonized, whereas neutrophils from patients with classic CGD were unable to kill this fungus ( Figure  6D ). Moreover, we observed that inhibition of the germination and hyphenation of Candida conidia were similar for neutrophils from jci.org Volume 128 Number 9 September 2018 eral infections, mostly of the skin and lungs, and inflammation, mostly of the GI tract (Tables 1 and 2 are between the ages of 1 and 47 years (mean: 15.3 years), whereas a mortality of close to 4% per year has been reported for classic CGD (6, 17) , with the highest mortality rates during the first 2 decades of life. The Kaplan-Meier curves for the survival of the largest classic CGD cohort and this p40 phox -deficient cohort differed significantly when comparing XR-CGD and p40 phox deficiency (P = 0.0164, Mantel-Cox analysis) ( Figure 7C and Supplemental Table 2 ). Fourteen patients were prescribed antibiotic prophylaxis. The phenotype and clinical manifestations, but also in terms of clinical outcome (Supplemental Table 1 ). The mean age at symptom onset was 6 years (range: 1-17 years), later than what was reported for symptom onset in most patients with classic CGD (Supplemental Table 2 ). The mean age at diagnosis (for patients with symptoms) was 15.3 years (range: 1-46 years), whereas classic CGD is typically diagnosed before the age of 5 years ( Figure 7B and Supplemental Table 2 ). All patients included in this study are currently alive and ciency of p40 phox is caused by homozygous (23 patients, 11 families) or compound heterozygous (1 patient) mutations in families from 8 countries. We identified 8 previously undescribed alleles of the NCF4 gene, 6 of which are completely LOF and caused complete p40 phox deficiency in the corresponding patients. Upon overexpression, the allele c.120_134del is hypomorphic in EBV-B cells, and the allele R58C is hypomorphic in NB4 cells. However, we detected no clinical difference between the patient bearing these variants and the other patients. We further characterized phagocytic cells from the p40 phox -deficient patients and compared them with those of patients with other molecular causes of CGD to define more clearly the contribution of human p40 phox to NADPH oxidase activity. Interestingly, NCF4 biallelic mutations treatments administered for hyperinflammation included corticosteroids, azathioprine, methotrexate, infliximab, adalimumab, golimumab, ustekinumab, and hydroxychloroquine. Given the severity of clinical manifestations, 4 patients underwent allogeneic HSCT (P11, P14, P20, and P21), resulting in the resolution of symptoms in all these patients. Overall, p40
phox deficiency is a severe condition, but its clinical outcome is nevertheless better than that of classic CGD.
Discussion
We report the molecular, cellular, and clinical characteristics of 24 patients from 12 families with biallelic mutations of the NCF4 gene, which encodes the NADPH oxidase p40 phox protein. Defi- the patients in our cohort (P20) had adenocarcinoma, possibly related to chronic Crohn's colitis, although other factors may also be involved. Other clinical features of the patients can be understood in light of their cellular phenotypes. In vitro S. aureus killing by neutrophils from patients with p40 phox deficiency or classic CGD was severely impaired, whereas E. coli killing by neutrophils from these patients was similar to that by neutrophils from healthy controls. S. aureus killing is a ROS-dependent process, whereas E. coli killing is relatively ROS independent (45, 51) . The absence of invasive S. aureus infections in the p40 phox -deficient patients was unexpected and remains unexplained, as both in vitro S. aureus-induced oxidase activity and S. aureus killing are as severely impaired in these patients as in those with classic CGD, who do suffer from invasive S. aureus infections. The almost normal killing of fungi by neutrophils from p40 phox -deficient patients, even though the killing of Candida and Aspergillus is ROS dependent (52, 53) , is of direct clinical relevance and contrasts with the situation in patients with classic CGD (54) . The lack of invasive fungal infections is highly consistent with our in vitro biochemical findings for phagocytic cells from p40 phox -deficient patients. Residual NADPH oxidase activity was generally higher in p40 phox -deficient cells than in classic CGD cells, and in vitro fungal killing was largely unaffected. This situation contrasts with that for classic CGD, in which invasive fungal infections are among the most feared and lifethreatening complications, despite antimicrobial prophylaxis (10), and for which fungus killing is impaired in vitro. Given the importance of p40 phox -PX interactions with PI(3)P in the phagosome for the NADPH oxidase activity elicited by bacteria, the lack of effect on C. albicans-induced ROS production and killing is surprising. Normal fungal killing in these patients may also result from the residual fungus-induced NADPH oxidase activity observed, suggesting a p40 phox -independent mechanism for ROS production that is preferentially triggered by fungi. This implies that ROS production would have to exceed a certain threshold for effective fungal killing. Further studies of late phagosome formation in relation to p40 phox localization and ROS formation might clarify the differences in S. aureus and C. albicans killing, which diverge in patients with p40
phox deficiency, but not in those with classic CGD. Interestingly, our studies of monocytes, MDMs, and MDDCs suggest that these cell types are not dependent on p40 phox for PMA-induced NADPH oxidase activity. This situation contrasts with that for MSMD-causing gp91 phox mutations, which disrupt NADPH oxidase activity in MDMs but not in other phagocytes (neutrophils, monocytes, and MDDCs) (25, 41) . The conservation of NADPH oxidase activity may explain the milder infectious phenotype of p40 phox -deficient patients than of patients with classic CGD, including the absence of invasive bacterial and fungal infections. This feature may be specific to human cells, as p40 phox -mutant mouse macrophages (either KO or R58A mice) have impaired NADPH oxidase activity upon stimulation with a physiological stimulus (36) . The PX domain of p40 phox is thought to have a high affinity for and specificity of binding to PI(3)P, a lipid on phagosomal membranes, leading to enhanced NADPH oxidase activity. Further studies are required to evaluate NADPH oxidase activity in phagocytic cells other than neutrophils in patients with p40
phox deficiency or classic CGD. In this respect, were found to result in a cellular phenotype related to but clearly different from that of other forms of CGD. In particular, the PMA-induced DHR oxidation test widely used for the diagnosis of CGD gave normal or just below normal values for patients with inherited p40 phox deficiency. Diagnosis of p40 phox deficiency can be achieved using serum-opsonized E. coli as a stimulus in routine DHR-or Amplex Red-based tests, which must be performed in a diagnostic laboratory with expertise in analysis of NADPH oxidase activity. A genetic approach based on Sanger sequencing or NGS of NCF4 might also facilitate the diagnosis of p40 phox deficiency. The clinical phenotype of patients with p40
phox deficiency is also related to but different from that of patients with classic CGD. The patients in this cohort had peripheral infections (mostly staphylococcal) and hyperinflammation (mostly granulomatous lesions of the GI tract and skin). Nevertheless, the frequency of inflammatory lesions is lower than in patients with classic CGD (48) . A few of the patients showed autoimmunity, but, strikingly, none had the invasive bacterial and fungal infections commonly seen in patients with classic CGD (7) (8) (9) 18) . Consistent with these findings, the clinical outcome of p40 phox deficiency is better than that of classic CGD. No deaths were recorded in this cohort of patients aged 1 to 46 years, whereas classic CGD-related mortality may reach 35% in its XR and 15% in its AR forms in the first 3 decades of life (10, 17) . Moreover, 4 patients remained asymptomatic at 1 to 10 years of age, and the age at clinical onset ranged from 1 to 17 years in patients with symptoms. The incomplete clinical penetrance observed at 1 to 10 years of age also contrasts strongly with observations for classic CGD (7) (8) (9) 18) . Thus, the healthy siblings of probands should be tested immunologically and genetically. Curative and preventive treatments for CGD are based on prolonged treatment with regimens of antibiotics, antifungal drugs, exogenous IFN-γ, and, increasingly, allogeneic HSCT. Decisions concerning allogeneic HSCT for patients with p40 phox deficiency should be made on a case-by-case basis, given the milder overall phenotype and greater variability between patients. Likewise, the immediate initiation of antifungal prophylaxis may not be required, whereas treatment with immunosuppressive agents may be indicated.
One patient with disseminated histoplasmosis (P15) was included in this cohort. However, to our knowledge, no patient with CGD has ever been reported to suffer from this fungal disease. This situation is reminiscent of that of tuberculosis, which is actually much more common than initially thought in CGD patients living in areas of endemic disease (49) . Its pathogenesis has been attributed to defects of NADPH oxidase activity in mononuclear phagocytes (25) . The normal NADPH oxidase activity of the p40
phox -deficient mononuclear phagocytes tested suggests that histoplasmosis may actually be due to the disruption of NADPH oxidase activity in tissue-resident macrophages and DCs, which were not tested in patients with classic CGD or p40 phox deficiency (50) . Another patient in this cohort (P19) had BCG and M. avium diseases. BCG disease has been reported in CGD patients, but cases of M. avium complex infection have rarely been reported in this population. Moreover, these 2 mycobacterial infections are probably not related to p40 phox deficiency in P19, because this patient also carries a dominant-negative STAT1 mutation responsible for MSMD (47 The production of intracellular ROS by neutrophils, monocytes, and NB4 cells was analyzed with DHR (Thermo Fisher Scientific), as previously described (66) . We added 0.5 μM DHR in DMSO to 2.5 × 10 6 neutrophils. PMA (100 ng/ml), serum-opsonized E. coli phox -KO, psPAX2, and pCMV-VSVg using TransIT-LT1 Transfection Reagent (Mirusbio). The day after transfection, the cells were plated on NB4 medium. The virus-containing supernatant was harvested on days 2 and 3 after transfection and filtered through 0.45-μm pores, and 1 ml was used with 5 × 10 5 NB4 cells on 2 successive days. Transduced NB4 cells were selected with 1 μg/ml puromycin (InvivoGen). Surviving cells were plated on limiting dilution medium in a 96-well plate at a density of 0.5 cells/150 μl, and growing clones were routinely maintained. The p40 phox levels of these clones were assessed by Western blotting. A clone with no p40 phox expression was obtained when the 5′-GTCAGCAATGTTGGCCGAGA-3′ target sequence was used. Statistics. Statistical analysis was performed with GraphPad Prism, version 7.02 (GraphPad Software). All data sets were considered non-normally distributed, as the numbers were too low for normality tests. A 2-tailed Mann Whitney U test was used for statistical analyapproaches involving the derivation of different types of phagocytes from induced pluripotent stem cells may be particularly effective (55) .
Excessive granulomatous inflammation of the skin and GI tract was the most common clinical phenotype observed in this cohort of patients. Systemic lupus-like symptoms are rare in patients with CGD (7, 12, 20) and in the p40 phox -deficient patients reported here. Enhanced inflammation has also been reported in mice with p40 phox deficiency (36, 37, 56) . Mouse p40 phox has been reported to be required for the expression of glycan structuremodifying enzymes, which may underlie the recruitment of neutrophils to resolve intestinal inflammation and facilitate wound healing (37) . Mouse macrophages with p40 phox p.R58A/R58A or KO mutations also produce smaller than normal amounts of ROS (36) . The excessive inflammation seen in classic CGD and p40 phox deficiency indicates that ROS play a role in immune regulation (12, 57) . Patients with p40
phox deficiency display at least as much inflammation as those with classic CGD, but have higher levels of ROS production. The ROS produced by neutrophils may contribute to the clearance of apoptotic cells or cell debris, and their deficiency may contribute to inflammation in various ways, including aberrant efferocytosis, for example (58) (59) (60) (61) (62) . Alternatively, the inflammation observed in classic CGD and p40 phox deficiency may be due to abnormal ROS production by circulating B cells. This possibility was already suggested in the first report describing a p40 phox -deficient patient (42) . Our results also suggest that NADPH activity is defective in all p40 phox -deficient EBV-B cells tested, confirming that p40 phox is not redundant in human B cells. An understanding of the excessive inflammation in patients with classic CGD or p40 phox deficiency will require further studies of the respiratory burst in various other cell types, including tissue-resident DCs and macrophages, and in different types of circulating B cells.
Methods
Cell lines. NB4 cells were obtained from DSMZ (catalog ACC 207). HEK293T cells were obtained from the American Tissue Culture Collection (ATCC) (catalog CRL-3216).
Ion torrent sequencing, WES, copy number variation, and Sanger sequencing. We extracted genomic DNA from blood samples with the iPrep PureLink gDNA Blood Kit and iPrep Instruments (Life Technologies, Thermo Fisher Scientific). An AmpliSeq Custom Panel (Thermo Fisher Scientific) was used in families A-E, J, and K. A targeted NGS panel for PID was used in kindred I (63) and another for IBD was used in kindred J (64) .
WES was performed with 3 μg DNA from kindreds F, G, H, and L. Exome capture was performed with the SureSelect Human All Exon 72 Mb Kit (Agilent Technologies). SNP arrays for CNV or ancestral founder effect were used with the Genome-Wide Human SNP Array 6.0 (Affymetrix) in kindreds A, C, E, G, J, K, and L.
For confirmation of the mutations detected and the analysis of familial segregation for kindred members, we amplified the flanking regions of the variants obtained, including part of the intronic regions for all NCF4 exons studied. Primers and conditions are described in detail in Supplemental sis of 2-group comparisons: e.g., controls vs. kindred A, controls vs. kindred B, etc. A P value of less than 0.05 was considered statistically significant. For data sets containing multiple independent variables, the Bonferroni correction for multiple testing was applied, adjusting the P value depending on the number of variables. When the sample number was 3 or more, error bars were added to the graph. Where no error bars are visible, the SEM was smaller than the symbol (for n ≥3). 
